Background/Objectives: Gut hormones have been shown to influence energy intake (EI). To our knowledge, no study has investigated the effects of dietary patterns aimed at optimizing fullness on EI, appetite and gut hormones. Subject/Methods: To determine whether individually timing high-protein preloads would impact EI, appetite, and peptide YY and glucagon-like peptide-1 (GLP-1) levels. Ten men (body mass index ¼ 25.5 ± 2.6 kg/m 2 ) participated in a randomized crossover trial. The three conditions consisted of the self-selection of snacks (condition 1), or the consumption of a preload (300 kcal: 40% protein, 40% carbohydrates and 20% fat) at either 15 min (condition 2) or B 50 min (individually set) (condition 3) before lunch and dinner. During each condition, a standardized breakfast was served, whereas lunch and dinner were selfselected from a five-item menu, and eaten ad libitum. Mealtime and daily EI were measured. Appetite, peptide YY and GLP-1 were sampled over 9 h. Results: No differences in daily EI were noted across conditions (1 ¼ 3078 ± 720 kcal; 2 ¼ 2929 ± 264 kcal; 3 ¼ 2998 ± 437 kcal; not significant). For the most part, daily profiles as well as premeal levels of peptide YY and GLP-1 were not different between conditions. Desire to eat, hunger and prospective food consumption were found to be lowest during condition 1 (Po0.05). Conclusions: According to these results, it would seem that individually timing high-protein preloads does not reduce daily EI in healthy human subjects.
Introduction
Appetite is partly regulated by gastrointestinal satiety signals (Korner et al., 2005; Doucet and Cameron, 2007) . Among the signals contributing to the inhibition of appetite are peptide YY (Batterham et al., 2003; Challis et al., 2003) and glucagonlike peptide-1 (GLP-1) (Gutzwiller et al., 1999; Toft-Nielsen et al., 1999; Flint et al., 2001) . Both peptide YY and GLP-1 are secreted by endocrine L cells (Batterham et al., 2002; Holst, 2007) , which are more abundant in the distal part of the small intestine. Levels of these peptides typically start rising within 15 min of consumption of meal, and maximal postprandial levels are apparently achieved within 60-120 min for peptide YY (Adrian et al., 1985; Korner et al., 2005; Doucet et al., 2008) and GLP-1 (Orskov et al., 1996; le Roux et al., 2006a) . Dietary manipulations aiming to take advantage of these peptides should thus operate within this time frame. Moreover, the secretory response of these peptides is proportional to calories ingested (Adrian et al., 1985) and responsive to the macronutrient composition of ingested foods (Elliott et al., 1993; Onaga et al., 2002; Batterham et al., 2006) .
In support of the important role of gut peptides in the control of energy balance are the numerous reports showing the early exaggerated secretion of both peptide YY and GLP-1 following obesity surgery (Naslund et al., 1997a, b; Korner et al., 2005 Korner et al., , 2006 Chan et al., 2006; Morinigo et al., 2006; le Roux et al., 2006a) . There is at least one report showing the more direct implication of these peptides in the control of feeding. It was indeed shown that pharmacological inhibition of the secretion of these gut hormones resulted in a doubling of energy intake (EI) in obese subjects following surgery (le Roux et al., 2007) . As PYY and GLP-1 exhibit anorectic properties, that both peptides have been shown to increase following a meal, and that they have been implicated in improved body weight control after surgery, it would be interesting to investigate whether structuring dietary patterns to optimize daily gut peptides profiles would in turn lead to a reduction in total EI and improve appetite control. To our knowledge, no study has investigated the effects of structuring food intake to take advantage of the postprandial secretion profile of gut peptides implicated in the satiety cascade.
The objectives of this study were then twofold. Our primary outcome was to determine whether ingesting high-protein preloads at times that would maximize premeal fullness would lead to a decrease in total EI. In our secondary outcome, we also investigated whether this approach would lead to increases in premeal and daily appetite and gut peptide (peptide YY and GLP-1) levels.
Materials and methods

Subjects
Ten men were recruited from the University of Ottawa. The inclusion criteria were the following: (1) adult men (18-55 years), (2) stable weight ( ± 2 kg during the previous 6 months), (3) nonsmoker, (4) nonobese (body mass index o30 kg/m 2 ). Men were excluded if: (1) they had a history of eating disorders; (2) had conditions such as thyroid, chronic liver and renal disorders; (3) been on medication that may influence their EI or energy expenditure. Subjects' characteristics are presented in Table 1 . Informed consent was received from each participant before beginning the study, and research ethics boards at both the University of Ottawa and the Montfort Hospital approved the study.
Experimental sessions and measurements
All tests were performed at the Behavioural and Metabolic Research Unit between May 2007 and June 2008. Subjects came to the laboratory on four occasions. During the first of these visits, body composition, height, body weight and waist circumference were measured. The participants were given a standardized breakfast at 0800 hours and were given 15 min to consume everything. To determine the time needed to reach peak fullness after the ingestion of the preload, participants were asked to ingest a shake containing 300 kcal with 40, 40 and 20% energy from carbohydrates, protein and fat, respectively (Supplementary Appendix A) at 1015 hours (2 h after the standardized breakfast consumption). Fasting and postprandial appetite measurements were assessed for 120 min after preload. Fullness scores from the visual analogue scales were then plotted for each participant to determine the time needed for the preload to induce peak fullness (mean time ¼ 52.5 ± 21.6 min, range: 20-80 min).
The next visits consisted of three randomly assigned experimental conditions (total of 9 h). Condition 1 involved no imposed preloads. Condition 2 involved participants ingesting the preload 15 min before lunch and dinner. In condition 3, participants had to ingest the preload at a specific time (as determined for each individual during the screening visit) before lunch and dinner. It is important to state that participants were required to remain at the laboratory for the entire day of measures to insure complete control over EI measurement. Participants were asked to come to the laboratory at 0745 hours after an overnight fast at which point body weight was measured. Shortly after, participants were asked to consume a standardized breakfast consisting of two slices of whole wheat bread (64 g), two small containers of peanut butter (36.6 g), two small containers of jam (24.6 g), a piece of cheddar cheese (20 g) and 250 ml of orange juice. The energy content of this breakfast was 657 kcal. Appetite ratings and blood were sampled throughout conditions. It should be noted that the correlation between body weight and area under the curve (AUC) hunger (r ¼ 0.19, not significant) and AUC fullness (r ¼ À0.05, not significant) calculated over the 2 h that followed the ingestion of the standardized breakfast during the screening session were not significant. This means that not standardizing the breakfast to body size likely did not influence the results of the study.
After breakfast, a list of snacks was given to each participant during condition 1 (Supplementary Appendix B). They were told that they had the option to select as many of the snacks presented on that list at any time during the entire 9 h of measurements. The research assistant would then bring the selected snacks to the participant on request. We opted to offer ad libitum snacks simply because the overarching goal of such a dietary manipulation would be to promote a reduction in caloric intake under free-living conditions, and having a control condition in which subjects had access to food throughout the day seemed more logical. During condition two, the preload was given to each participant exactly 15 min before lunch (1145 hours) and dinner (1645 hours) and each participant was instructed to ingest the preload within 5 min. Finally, during condition 3, the preload was given to each participant on average 52.5 ± 21.6 min (range: 20-80 min) before lunch and dinner (depending on the time needed to reach peak fullness as determined during the screening session). Lunch and dinner were consumed at 1200 and 1700 hours, respectively. Subjects were able to self-select their foods from a list of fivemeal items and six drinks in the laboratory (Supplementary Appendix C).
Measurements
Anthropometric measurements. Height and body weight were measured (HR-100 Height Rod and BWB-800AS Digital Scale; Tanita Corporation of America, Arlington Heights, IL, USA). Body composition was measured using dual-energy X-ray absorptiometry (Lunar Prodigy; GE Medical Systems, Madison, WI, USA). Coefficient of variation and correlation for the dual-energy X-ray absorptiometry was 1.8% (R ¼ 0.99) as determined in 12 healthy subjects.
Preloads. Preloads were composed of 40% carbohydrates, 40% protein and 20% fat and had a caloric content of 300 kcal per serving (Supplementary Appendix A). The composition of the preloads was determined from a series of experiments performed on three healthy adults. A 300 kcal preload containing 40, 40 and 20%, or 40, 20 and 40%, or 20, 40 and 40% energy from carbohydrates, protein and fat, respectively was consumed on three separate occasions after an overnight fast. This was carried out to determine which one of the three preloads would elicit the greatest peptide YY secretion over a 120-min follow-up. It was determined that the 40, 40 and 20% energy from carbohydrates, protein and fat elicited the highest peptide YY response. Over the 120-min after preload follow-up, peptide YY concentration after the ingestion of this preload was on average 31 and 30% greater than preloads containing either 40, 20 and 40%, or 20, 40 and 40% energy from carbohydrates, protein and fat, respectively. The foods used in the preparation of the preload (Supplementary Appendix A) were measured on a scale to the nearest 0.1 g and mixed in a blender and chilled at 4 1C before serving.
Experimental food intake. The participants were able to selfselect their meals (lunch and dinner) from a menu of five meal items as well as from a list of six drinks for all three experimental conditions (Supplementary Appendix C). The subjects were served two portions of the requested foods in a plate and they were instructed to eat until satiated. More food and drinks were made available during meals on request. Energy and macronutrient content of snacks, preloads and meals were assessed using Food Processor SQL (Food Processor SQL Edition, version 9.6.2, 2004; ESHA Research, Salem, OR, USA).
Appetite. Participants were asked to rate their appetite on a 150 mm visual analogue scale adapted from Hill and Blundell (1986) , as previously described (Doucet et al., 2008) .
Blood sampling and peptide assays. Blood samples were collected in tubes containing EDTA. Immediately after collection, aprotinin (antiprotease) was added to one tube and dipeptidyl peptidase-4 to the other for the preservation of PYY and GLP-1, respectively. Samples were then centrifuged at 3000 r.p.m. for 10 min at 4 1C and stored at À80 1C until assayed (maximum 3 months -after collection). PYY and GLP-1 were assayed with commercially available ELISA (PYY ELISA kit and GLP-1 ELISA kit; Linco Research, St Louis, MO, USA). Our intraassay coefficients of variation were 4.4 and 4.2% for peptide YY and GLP-1, respectively. It is important to note that 18 samples were drawn, but only 10 were used in the repeated-measures analyses because the study only included 10 subjects. Results were essentially the same when the excluded samples were analyzed in a separate analysis.
Area under the curve. The trapezoid method was used to calculate AUC for appetite scores, total PYY and GLP-1. All 18 samples were used for the calculation of the AUC for peptides and appetite.
Statistics
The primary outcome of this experiment was daily EI. The secondary outcomes included peptides and appetite profiles.
To test the effects of the three experimental conditions on total and mealtime EI, on the AUC of appetite measurements, peptide YY and GLP-1, as well as for the premeal (t ¼ 240 and 510) peptide and appetite levels a repeatedmeasures analysis of variance was used. A repeated-measures analysis of variance with two within-subject factors (experimental condition (3) and daily samples (10)) was used for daily appetite and peptide measurements. Correlation analyses were performed between the AUC of PYY and GLP-1 and total daily EI; and the AUC of appetite measurements. Finally, one last set of correlations was carried out to determine the relationship between premeal (lunch and dinner) peptide levels and EI during lunch and dinner, respectively. Effects were considered significant at Po0.05 and data are presented as mean±s.d. unless otherwise specified.
Results
Subjects were 25.1 ± 1.6 years old and their body weight and body mass index were 80.6 ± 12.7 kg and 25.5 ± 2.6 kg/m 2 , respectively (Table 1) . Body weight was stable and not significantly different from the first visit and across conditions (screening ¼ 80.6 ± 12.7 kg; 1 ¼ 80.4 ± 12.7 kg; 2 ¼ 81.0 ± 12.4 kg; and 3 ¼ 80.7±12.9 kg; not significant).
No significant differences in total daily EI were noted between conditions (1 ¼ 3078 ± 720 kcal; 2 ¼ 2929 ± 264 kcal; 3 ¼ 2998±437 kcal; not significant) ( Figure 1 ; Table 2 ). It is important to note that the estimate of effect size for EI, which was the primary outcome of the study, was very low (0.031) revealing the absence of trend for this variable. As expected, total protein intake was greater for conditions 2 and 3 both in absolute and relative values (Po0.01).
Relative fat intake was greater for condition 1 than for condition 2. No significant differences were noted for absolute fat intake between conditions 1 and 3 and between conditions 2 and 3. Similarly, no significant differences were observed for EI or macronutrient intake during the self-selected lunch and dinner across conditions. Finally, morning (297 ± 168 kcal), afternoon (402 ± 215 kcal) and total daily intake (699 ± 328 kcal) from ad libitum snacks (condition 1) and preloads (conditions 2 and 3) were not significantly different between conditions. It should also be noted that no significant correlations were noted when EI was correlated to percent body fat in all three conditions (results not shown). In addition, no between-condition differences in EI were observed when subjects were divided into groups of low (n ¼ 6; percent body fat ¼ 16.8±2.1%) and high (n ¼ 4; percent body fat ¼ 31.7±2.8%) adiposity levels (results not shown).
Significant effects of time (Po0.001) and time-by-condition interaction (Po0.05) were noted for both PYY (Figure 2 ) and GLP-1 (Figure 3) . Post hoc comparisons revealed that prelunch values (t ¼ 240) of PYY were significantly different between conditions 2 and 3 (Po0.01), whereas no significant differences were noted between conditions 1 and 2 and conditions 1 and 3. No significant differences were noted for PYY before dinner (t ¼ 510). For GLP-1, no betweencondition differences were noted for the prelunch values. A significant difference was observed for predinner GLP-1 values (t ¼ 510) between conditions 1 and 2 (Po0.05), whereas no significant differences were noted between conditions 1 and 3 or conditions 2 and 3. The AUC for both peptide YY and GLP-1 tended to be higher during condition 3, but differences were not significantly different.
The AUC appetite scores for desire to eat, hunger and PFC were significantly lower during condition 1 than that observed during conditions 2 and 3 (Figure 4) . No significant differences were observed for AUC fullness. The only significant difference between prelunch and predinner appetite scores was observed for predinner values of fullness between conditions 1 and 2 (Po0.05). In addition, the between condition comparisons of AUC calculated before lunch (fasting to 240 min) revealed that AUC for desire to eat, hunger and prospective food consumption were all lower during condition 1, whereas the AUC for fullness was higher during condition 1 compared with conditions 2 and 3 (data not shown). No such differences were noted for AUC of appetite measurements calculated between lunch and dinner (270-510 min) (data not shown).
Correlation analyses were performed to examine the potential associations between premeal (lunch and dinner) levels of PYY and GLP-1 and EI during these meals. No significant correlations were noted (data not shown).
Discussion
The main objective of this study was to investigate whether individually timing the intake of high-protein preloads to maximize premeal fullness would cause a decrease in mealtime and daily EI. Our secondary objectives were to test the effects of this dietary approach on premeal and daily appetite, PYY and GLP-1 values. There are three main findings from this study. First, timing the intake of the high-protein preload had no effect on EI. Second, there were some trends for AUC and premeal values of PYY and GLP-1 to be higher during condition 3, but for the most part, these differences were not significantly different. Third, and interestingly, daily appetite measures were the lowest during 30.1 ± 20.6 29.7 ± 13.6 28.9 ± 16.3 Proteins (g) 37.9 ± 10.6 39.1 ± 17.3 35.4 ± 15.7
Means that do not share the same letter are significantly different at Po0.05. y Total energy intake also includes the standardized breakfast as well as the self-selected snacks in condition 1 and the preloads in conditions 2 and 3. Figure 1 Breakdown of daily energy intake across conditions. No significant differences for lunch, dinner or daily energy intake across conditions. Breakfast was standardized at 657 kcal. There are no error bars for breakfast across conditions and for the a.m. and p.m. preloads for conditions 2 and 3 because they all had fixed caloric intake. Values are means ± s.e.m. N ¼ 10.
the control session (condition 1). The findings of this study are reinforced by the fact that all foods were weighed and consumed in the laboratory. To our knowledge, no study has looked at the effects of individually timing a high-protein preload on EI, appetite and gut peptides. We opted for this strategy partly because fullness has been shown to be a good indicator of EI (Drapeau et al., 2007) . Even with our attempts at maximizing premeal fullness with our timed preloads, we found no differences in EI between conditions. A reason for this may be that premeal fullness during condition 3 was not significantly different than the other two conditions. Another interesting observation that may explain our findings is that the daily intake from ad libitum snacks (B700 kcal) during condition 1 was not significantly different than the intake imposed from the preloads in conditions 2 and 3 (600 kcal). This was also the case when we compared morning (B300 kcal) and afternoon snacks (B400 kcal) in condition 1 with the intake of preloads imposed in conditions 2 and 3. This pattern was also observed in a study that looked at alternating temporal patterns of EI with isoenergetically dense foods. It was noted that normalweight men had no significant differences in total EI across a condition when mandatory snacks were consumed compared with a no-snack condition (Johnstone et al., 2000) . Furthermore, lean healthy subjects have also been shown to compensate accurately for snack consumption over longer periods of time (Viskaal-van Dongen et al., 2009) . Whether the results would have been different in obese men and women remains to be determined. It is also important to note that the estimate of effect size for EI, which was our primary outcome, was relatively low (estimate of effect size ¼ 0.031) supporting the fact that increasing the number of subjects would not have changed our conclusions.
For the most part, no consistent effects were noted for daily and premeal peptide levels. We would have at least anticipated increased circulating levels of peptide YY given that protein has been shown to be more closely linked to its secretion (Batterham et al., 2002; Holst., 2007) , and that the daily intake of protein in condition 3, mostly from preloads, Timed preloads and energy intake SM Willbond and É Doucet was approximately 45 g above that observed during condition 1. Indeed, we had initially hypothesized that timing these preloads with high-protein and carbohydrate content would lead to higher peptide YY and GLP-1 levels before meals and throughout the day. Important to note here is that our paradigm was largely inspired by results from obesity surgery studies (Cummings et al., 2002; Korner et al., 2005 Korner et al., , 2006 le Roux et al., 2006b le Roux et al., , 2007 and from studies that infused these peptides (Flint et al., 1998; Naslund and Hellstrom, 1998; Gutzwiller et al., 1999; Naslund et al., 1999; Degen et al., 2005) . In fact, the lowest infusion rate that elicited these changes in appetite and EI produced GLP-1 concentrations of 50 pmol/l (Flint et al., 1998) and changes in peptide YY of approximately 424% (Batterham et al., 2002) . Some results (Sloth et al., 2007) actually suggest that circulating amounts of peptide YY3-36 need to increase three-to four-fold increase over values observed after nutrient stimulation only (Degen et al., 2005; le Roux et al., 2006b) , to exert significant effects on EI. Furthermore, after surgery increases of both peptides YY and GLP-1 on nutrient stimulation have been shown to be approximately three times greater than that observed in control subjects (Korner et al., 2006 (Korner et al., , 2007 . Our highest premeal (GLP-1) was 6.4 pmol/l (129% change from baseline) and our highest premeal (peptide YY) was 127 pg/ml (43% change from baseline). Even if both of these peak values occurred predinner during condition 3, as stated above, post hoc analyses revealed no significant differences. It is thus possible that the nutrientinduced excursions of peptide YY and GLP-1 are not robust enough to bring about discernable changes in appetite and EI, at the very least under the conditions described in this study. It is also important to note that these results are limited to GLP-1 and PYY and that we cannot exclude the possibility that other gut peptides exerted different responses.
An interesting finding of this study is that appetite was lowest during condition 1, when subjects were given ad libitum access to snacks. Although daily intake from the ad libitum snacks and the preloads was not significantly different, approximately one quarter of the calories from ad libitum snacks were from drinks, whereas the preload was offered in the liquid form (shake). There is literature to support that the form of ingested nutrients has a discernable effect on appetite (Tournier and Louis-Sylvestre, 1991; Hulshof et al., 1993; Zijlstra et al., 2009) , at least acutely. It is also tempting to speculate that the ad libitum snacks provided an overall better appetite response because subjects consumed snacks at the exact time they wanted and also selected what they wanted to eat, even if their choices were limited to the list that was provided to them. It should nonetheless mentioned that the GLP-1 response has been shown to be similar following meals of varying viscosity (Zijlstra et al., 2009) . In summary, our two hypotheses were rejected. Under the conditions described in this study, it would seem that timing of high-protein preloads so that maximum fullness was achieved before meals did not lead to decreases in mealtime or total EI. Similarly, the timing of the high-protein preload had no impact on overall peptide YY and GLP-1 concentrations. The observation that the ingestion of self-selected snacks seemingly has a favorable impact on appetite measurements will need further clarification.
